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An apparatus for accurate measurements of the sound velocity in fluids is described, which is based on
the pulse-echo technique, and operates up to 30 MPa in the temperature range between (250 and
350) K. The expanded uncertainties (k=2) in the speed of sound measurements are 0.006%, 6 mK in
the temperature, 2.1 hPa in the pressure up to 3 MPa, and 23.9 hPa above this value. Measurements of

the speed of sound for nitrogen from (250 to 350) K and for water at temperatures between (303.15
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and 323.15) K are presented at pressures up to 30 MPa to validate the new apparatus. The expanded over-
all uncertainty of the measurements on nitrogen and water were estimated to be 0.011% and 0.006%,
respectively. The speed of sound of both fluids was compared with literature sources showing an excel-
lent agreement among them, with relative deviations lower than 0.01% in nitrogen and 0.006% in water.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

For numerous applications in technology and science, thermo-
dynamic properties of pure fluids are required. Accurate properties
are today available from fundamental equations of state [1]. The
speed of sound plays a major role in establishing these equations.
Because, in the limit of small amplitudes and low frequency the
speed of sound is a thermodynamic state variable and connects
the thermal and caloric properties [2]. Similar to pressure, temper-
ature and density, the speed of sound is well accessible by experi-
ment with high accuracy. But unlike thermal property data, speed
of sound data is scarce, especially in the liquid state.

Over the last decades many techniques have been developed to
determine the speed of sound in fluids. The spherical resonator has
been used to obtain measurements with high accuracy in gases by
Mehl and Moldover [3,4], Ewing et al. [5], Trusler and Zarari [6],
and Benedetto et al. [7], whereas the pulse-echo technique is pre-
ferred for measuring the speed of sound in liquids and compressed
gases at high pressure. Corresponding data were reported by Kort-
beek et al. [8], Ye et al. [9], Wang and Nur [10], Zak et al. [11],
Benedetto et al. [12], and Meier and Kabelac [13].

The aim of this work was the development of a new accurate
instrument based on pulse-echo technique to determine the speed
of sound in fluids in a temperature range between (250 and 350) K
at pressures up to 30 MPa with high accuracy. Nitrogen and water
were chosen as fluids to validate the technique, since they are com-
mercially available in high purity, and since highly accurate litera-
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ture sources and equations of state are available. Thus, the speed of
sound for nitrogen was measured in a temperature range from
(250 to 350)K at pressures between (20 and 30) MPa, whereas
for water three isotherms were measured at (303, 313, and
323) K at pressures up to 30 MPa.

2. Experimental
2.1. Apparatus description

The speed of sound was determined by the pulse-echo tech-
nique. The ultrasonic sensor, figure 1, is made of stainless steel
1.4571 and was subjected to a heat treatment to remove self-stres-
ses from the manufacture process. The main pieces of the ultra-
sonic sensor are a piezoelectric quartz crystal mounted between
two polished reflectors at (20 and 30) mm, respectively, and
assembling these pieces by stainless steel screws. Both reflectors
have conical cavities in the rear face to guarantee no echoes from
the rear walls of the reflectors. The transducer is an X-cut crystal
quartz of 15 mm diameter, which operates at its resonant fre-
quency of 8 MHz, partially coated by gold main-electrodes with a
diameter of 10 mm. Two clamps are used to connect the one elec-
trode to ground potential via the stainless steel sensor and the sec-
ond one to the high pressure electrical feed through by a copper
wire. These clamps are connected to small areas outside of the
main-electrode. Finally, the sensor has some openings to fill and
to evacuate the fluid from the cell.

An Agilent 33220A function generator, whose time bases is con-
nected to the frequency standard ELV FN 7000, was used to gener-
ate a sinusoidal burst signal to excite the piezoelectric transducer
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FIGURE 1. Cut through the speed of sound sensor and the pressure vessel.

and to trigger an Agilent Technologies MSO6032 digital storage
oscilloscope. The function generator itself is triggered by the data
acquisition computer with a repetition rate of 1 Hz, avoiding any
overlap with echoes from previous excitations. The trigger signal
is also used with a self-made circuit to control an electronic switch,
which controls sending or receiving of signals from the oscillo-
scope to the piezoelectric crystal and vice versa. In addition, an
Amplifier Research 1TW1000B, which was required at the lowest
temperatures in the calibration measurements, was connected be-
tween the switch and the oscilloscope to register the smallest
amplitudes.

The pressure vessel, which contains the acoustic sensor, is made
of stainless steel 1.4418, figure 1. It is connected to a coaxial cable,

which connects the ultrasonic cell to the electronic devices via a
feed through which consists of a VCR fitting and a glass to metal
sealing. At the operation frequency of 8 MHz it is necessary to
match the wave impedance of the coaxial cable. Thus, an induc-
tance is placed between the latter and the feed through. The induc-
tance is located outside of the thermostat; thereby its value can be
changed manually to obtain an optimal signal for different liquids.

The high pressure system (see figure 2) consists of two high
pressure generators with a maximum pressure of 30 MPa; the first
is connected to the nitrogen branch of the system, and the second
one is connected to the sample fluid branch. Both branches are
coupled by a differential pressure indicator Rosemount 3051S to
communicate the pressure to the fluid branch. The changing of
the zero point with pressure was removed by a preliminary cali-
bration over the whole pressure range, whereas both sides of the
differential transducer were filled with the same pressure. With
this calibration the remaining uncertainty given by the manufac-
ture is 1 hPa.

The pressure measurements were made by two pressure trans-
ducers, Paroscientific models 1000-500A and 1000-6K, being oper-
ative, respectively, up to (3 and 40) MPa. Both were checked
against a pressure balance Degrange and Huot 5200. Moreover, a
correction to the measured pressure was applied, taking into ac-
count the hydrostatic pressure differences from the location of
the pressure transducers and the ultrasonic cell. The expanded
uncertainty of the pressure measurements was estimated to be
2.1 hPa for pressures below 3 MPa and 23.9 hPa up to 30 MPa.

The pressure vessel was placed in a circulating liquid bath ther-
mostat Fluke Corporation Hart Scientific 7060 to control the tem-
perature of the acoustic sensor, which is filled with the sample
fluid. As thermostating fluid a propylene glycol/water-mixture is
used.

The temperature was measured by a Rosemount Aerospace
162CE Pt25 sensor with ITS-90 calibration in the height of the
quartz crystal. The resistance of the thermometer was determined
by a direct current bridge (TTI2, Isotech) using the internal resis-
tant. The uncertainty of the temperature measuring consists of
the uncertainty of the thermometer calibration (4 mK), the uncer-
tainty of the measurements of the resistance ratio (2 mK), the sta-
bility of the temperature in the thermostat (1 mK, operating
experience) and the homogeneity of the temperature field inside
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FIGURE 2. Schematic drawing of the filling pressure system (continuous lines), the electrical connections (dashed lines) and high pressure generators (pointed lines).
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the pressure vessel (3 mK, estimated from a thermal budget). The
distribution for all sources is assumed to be rectangular. Thus,
the combined standard uncertainty of the temperature measure-
ment is 3 mK over the temperature range of the instrument oper-
ation. The uncertainties in the course of this work were estimated
following the recommended method by GUM [14].

2.2. Operation procedure

The quartz is electrically excited by a sinusoidal burst signal
with around 60 cycles at its resonance frequency of 8 MHz, produc-
ing ultrasonic pulses that are propagated in both directions into
the fluid. The transducer was used both as sender and receiver.
The sound is reflected at the ends of the cell, which are located
at L; =20 mm and L, =30 mm from the transducer, in order to
make sure that the cell is suitable for measurements in the liquid
and compressed gases speed of sound range. Thereby, the two ech-
oes arrive at the quartz with a difference, At, in time, which is
determined by a cancellation method [13]. The crystal is excited
with a first burst signal and, after a time difference, with a second
one, whereas the sign is reversed. The time difference between the
two signals and the amplitude of the second signal are adjusted so,
that the second echo of the first signal cancels the first echo of the
second one. The adjusted time difference between the two excited
signals is then equal to At, the time difference of the two echoes.
For a complete cancellation the amplitude of the second burst
must be reduced because the attenuation of the second signal,
which travels the shorter path, is less than for the first signal trav-
eling the longer path. The signal cancellation is monitored in the
storage digital oscilloscope and the data are transferred to the
acquisition computer software. The resolution in the time differ-
ence is less than 2 - 10 1%,
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FIGURE 3. Relative deviations of the calibration measurements in water at ambient
pressure from the IAPWS formulation [19] as a function of temperature: O, This
work; +, reference [16]; V, reference [17]; and, OJ, reference [18].

TABLE 1
Uncertainty budget for the acoustic length calibration.
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The speed of sound in the fluid is calculated by the formulation:
w=2(L, — Ly)/At. (1)

The relation above is only applied to the ideal wave propagation,
because diffraction effects have to be taken into account to evaluate
the time differences between the ideal and real cases. Thus a correc-
tion has been applied to the measured time difference, following
the method described by Harris [15], calculated for the source with
Gaussian amplitude distribution. The correction is smaller than
0.01% in all experiments in this work. The relative uncertainty of
the time difference measurement only consists of the uncertainty
of the resolution of the time difference (2 - 107>, rectangular distri-
bution) and the uncertainty of the diffraction correction (1-107>,
rectangular distribution), since the uncertainty of the time base is
negligible. Thus the quoted relative uncertainty of the time differ-
ence measurement is 1- 107>, normal distribution.

The pathlength difference, AL, was obtained by calibration with
purified water because of the availability of highly accurate speed
of sound data, for example of the measurements obtained by Del
Grosso and Mader [16], Kroebel and Mahrt [17], and Fujii and Ma-
sui [18], and of the fundamental equation of state available by
Wagner and Pruss [19] (this equation was adopted as international
standard for the properties of water and steam by the International
Association for the Properties of Water and Steam, IAPWS, in
1995). The calibration measurements were carried out in a temper-
ature range between (274.15 and 353.15) K, at 0.1 MPa. The cali-
bration liquid, water in HPLC quality, was supplied by ].T. Baker
and was degassed with ultrasound under vacuum before filling
the evacuated high pressure system. The reproducibility of the
measured speeds of sound was better than 1-107>.

The difference of the pathlength is determined from the equa-
tion (2), as a function of temperature, T, and pressure, p,

AL(T,p) = 2(L, — L)

= ATy, p) - [140(T~To) + 5 (1290 - po)|, (@)
where AL(To, po) is the acoustic pathlength at the reference points
Po=0.1 MPa and Tp=293.15K; «, E, and v are the linear thermal
expansivity, elastic modulus, and the Poisson number of the stain-
less steel of the ultrasonic cell, respectively. The mechanical proper-
ties of the stainless steel sensor were obtained from reference [20].
The temperature dependences of the elastic modulus and the linear
thermal expansivity are represented by first-order and fourth-order
polynomials, while the Poisson number is considered independent
of temperature. The change in the acoustic path length, which is gi-
ven by the thermal expansion and compressibility of the quartz
crystal as a function of pressure and temperature, is negligible.
The contribution of the crystal to the acoustic length is negligible.

The acoustic pathlength of the sensor at the temperature and
pressure of operation is determined by adjusting the pathlength
at the reference points and the thermal expansion coefficient to
obtain a similar deviation pattern from the IAPWS formulation as

Source of uncertainty Value Distribution Divisor Sensitivity coefficent Standard uncertainty Degree of freedom
Time measurement 1-107° Normal 1 1 1-107° o0

Calibration data 1-107° Normal 1 1 1-107° o0

Agreement of calibration and reference data 1.5.10°° Normal 1 1 1.5.10°° 14

Repeatability 1-107° Normal 1 1 1-107° 14

Pressure (0.1 MPa) 2.1 hPa Normal 1 ow/op® Negligible oo

Temperature (274.15 K) 3 mK Normal 1 aw/[aT* 1-10°° 00

Combined standard uncertainty Normal 25.107° >50

@ Calculated from reference [19].
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TABLE 2
Uncertainty budget for the speed of sound measurement.
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Source of uncertainty Value Distribution Divisor Sensitivity coefficent Standard uncertainty Degree of freedom
Length calibration 25-107° Normal 1 1 25-107° o

Time measurement 1.10°° Normal 1 1 1-10°° S

Expanded uncertainty Normal (k =2) 6-107° >50

the data of references [16,18], see figure 3. The relative agreement
with the reference data is within 1.5 - 10~ over the whole temper-
ature range of the calibration.

The uncertainty budget of the acoustic pathlength is given in
table 1. The expanded uncertainty of the speed of sound measure-
ments is 6 - 107> and consists of the length calibration and the time
measurements (see table 2).

3. Results and discussion

Water and nitrogen were chosen to validate the apparatus with
respect to speed of sound measurements for liquids and com-
pressed gases, respectively. Both fluids are usually available in high
purity and were previously measured by many authors with high
accuracy. Highly accurate fundamental equations of state have

3.1. Liquid water under pressure

The speed of sound in water was determined for the three iso-
therms (303.15, 313.15, and 323.15) K, at pressures up to 30 MPa
in steps of 5 MPa. The experimental results are given in table 3
and their quoted uncertainty is given in table 4 assuming that
the contribution of impurities is negligible. The same water quality
and the same filling procedure as for the calibration were used.

Several authors determined the speed of sound in water under
pressure with high accuracies: Wilson [22], 0.05%; Barlow and Yaz-
gan [23], 0.02%; Aleksandrov and Larkin [24], 0.02%; Aleksandrov
and Kochetkov [25] 0.03%; Ye et al. [26], 0.06%; Fujii [27], 0.005%;

T=303.15K
been developed by Wagner and Pruss [19] and Span et al. [21]. 0.02
The speed of sound of compressed nitrogen was measured to test
. . . 0.01 -
whether our ultrasonic cell agrees with the results of highly accu-
rate spherical resonator technique, within our experimental uncer- 0.00 4
tainty, in the pressure range where both methods overlap. 0.01 © Q o ﬁ o §
Spherical resonators are commonly employed for speed of sound e
measurements in gases. -0.02 L L L L L L
0 5 10 15 20 25 30
TABLE 3 2 002 T=313.15K
Experimental speeds of sound u for water at pressures p and temperatures T. §
@ L
T/K p/MPa uf(m-s~1) S 0.01
=
303.151 30.146 1559.693 . 0.00
303.150 25.038 1551.107 3 o @
- - O
303.150 20,098 1542.820 x -0.01 Q ©
303.150 15.130 1534.454 S . . . D . &
303.150 10.095 1525.978 e 0027 5 10 15 50 25 30
303.150 5.051 1517.489
303.150 0.106 1509.135 T=323.15K
313.150 30.168 1580.446 0.02 .
313.150 25.156 1571.970
313.150 20.133 1563.374 0.01
313.150 15.096 1554.749
313.151 10.102 1546.181 0.00 5
313.150 5.071 1537.492 & O (©} o
313.151 0.109 1528.872 -0.01 - 7 e
323.151 30.131 1595.322 002 . . . . . .
323.151 25.069 1586.598 0 5 10 15 20 25 30
323.151 20.147 1578.057 / MP
323151 15.095 1560.171 p a
323.151 10.187 1560.483 ) o ) )
323.151 5.173 1551.609 FIGURE 4. Relative deviations of the experimental speeds of sound u in water at
323.151 0.102 1542.553 (303.15, 313.15, and 323.15) K from the IAPWS formulation [19] as a function of
pressure: O, This work; +, reference [13]; and, OJ, reference [27].
TABLE 4
Uncertainty budget for water measurement.
Source of uncertainty Value Distribution Divisor Sensitivity coefficent Standard uncertainty Degree of freedom
Speed of sound measurement 3.10°° Normal 1 1 3.10°° S
Repeatability 1.107° Normal 1 1 1.10°° 4
Pressure 23.9 hPa Normal 1 ow/[op? Negligible 0o
Temperature 3 mK Normal 1 ow/aT* 5.10°° 00
Expanded uncertainty Normal (k=2) 6-107° >50

@ Calculated from reference [19].
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TABLE 5

Experimental speeds of sound u for nitrogen at pressures p and temperatures T.
T/K p/MPa u/(m-s71)
249.997 29.944 480.255
249.998 27.655 462.799
249.998 25.461 446.075
249.998 22.571 424318
249.998 20.061 405.959
275.000 30.156 480.548
275.000 27.555 463.238
275.000 25.048 446.737
275.000 22.551 430.655
275.000 20.063 415.185
299.999 30.080 483.653
299.999 27.506 468.426
299.999 25.029 454.007
299.999 22.557 439.965
299.998 20.033 426.134
350.000 30.129 497.896
350.000 27.528 485.109
350.000 25.025 473.012
350.000 22.529 461.236
350.000 20.040 449.851

Benedetto et al. [28], 0.05%; and Meier and Kabelac [13], 0.004%.
The new experimental data were compared with those of Meier
and Kabelac [13] and Fujii [27] because these are the data with
the highest accuracies on the three isotherms.

For the three measured isotherms, figure 4 shows the percent-
age deviations of experimental results of this work, of the data
by Fuiji and by Meier and Kabelac from the IAPWS formulation
[19] at pressures up to 30 MPa. The new speed of sound data agree
with the IAWPS formulation within 0.014%, and with the two ref-
erence authors within 0.006% over the whole range of measure-
ments. These results agree well with the uncertainty assessment
given in table 4.

These measurements are not sufficient to validate the instru-
ment. Because as a consequence of the calibration procedure with
the same liquid, the variation of the speed of sound with pressure
at the three isotherms was measured, but not the speed of sound
itself. This raises the question if these good results are portable
to other fluids and to temperatures outside of the calibration range.
For this reason it was decided to measure nitrogen as another ref-
erence fluid.

3.2. Compressed nitrogen

The compressed nitrogen was supplied by Linde with 99.999%
purity and was filled in the evacuated pressure system at room
temperature. The experimental speed of sound data are given in
table 5, for the four isotherms (250, 275, 300, and 350)K at
pressures between (20 and 30) MPa in steps of 2.5 MPa. Below
20 MPa, measurements in nitrogen with the chosen acoustic
pathlengths are not possible. The rise and fall times of the signals
elongate with decreasing acoustic impedance (which decrease
with pressure) of the fluid. Thus, a part of the first echo overlaps
the region of cancellation. With another choice of the lengths,

TABLE 6
Uncertainty budget for nitrogen measurement.
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FIGURE 5. Relative deviations of the experimental speeds of sound u in nitrogen at
(250, 275, 300, and 350) K from the fundamental equation developed by Span et al.
[21] as a function of pressure: O, This work; O, reference [29]; and, +, reference
[31].

measurements below 20 MPa would be possible. For measure-
ments at low pressures (<10 MPa) several changes might be re-
quired, e.g, an impedance matching layer between the quartz
crystal and the nitrogen. The overall uncertainty of the speed of
sound measurements in nitrogen is given in table 6. The contribu-
tion of impurities is considered negligible.

The sound speed in compressed nitrogen has been measured by
several authors, but only some of them have obtained highly accu-
rate data, as for example Costa Gomes and Trusler [29] with uncer-
tainties from 0.001% to 0.01%; Kortbeek et al. [30], 0.02%; and Meier
[31], 0.012%. The first two groups of authors have measured the
speed of sound with a spherical resonator, while the last reference
contains experimental data determined by the pulse-echo
technique.

Source of uncertainty Value Distribution Divisor Sensitivity coefficent Standard uncertainty Degree of freedom
Speed of sound mesurement 3.10°° Normal 1 1 3.10°° 0

Repeatability 1.107° Normal 1 1 1-107° 4

Pressure 23.9 hPa Normal 1 ow/[op*® 42.107° oo

Temperature 3 mK Normal 1 ow/[oT* 3.10°6 00

Expanded uncertainty Normal (k = 2) 1.1-107* >50

2

Calculated from reference [21].
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At the working frequency of 8 MHz the vibrational contribution
to the effective heat capacity of nitrogen is completely absent.
Thus, in contrast to water where the speed of sound is independent
of the frequency up to 25 MHz [32], the experimental sound veloc-
ities of nitrogen were corrected using the equation given in refer-
ence [29] to the zero frequency value, which is related to other
thermodynamic properties.

The new experimental data were compared with data from two
literature sources. Figure 5 shows percentage deviations of speed
of sound values determined in this work, together with the speed
of sound data that were reported by Costa-Gomes and Trusler
[29] and by Meier [31], from the fundamental equation of state
by Span et al. [21]. Our experimental values agree with the refer-
ence equation of state within 0.01%, whereas the deviation to the
data by Costa-Gomes and Trusler [29] and by Meier [31] is within
0.007% over the whole temperature and pressure range. Obviously,
results measured with our new apparatus agree well with other
highly accurate experimental data measured with spherical reso-
nators and pulse-echo techniques.
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